I. Introduction a human-computer interface (HcI) may take various forms. With the advent of portable personal digital assistants (Pdas), smartphones, and tablet Pcs, the traditional keyboard is being replaced by multi-touch or stylus-based input solutions that are perceived as being more user-friendly. The interface is often a transparent plate placed in front of a display [1] . successful touch-and/or pen-based technologies are currently encountered in many hand-held display products. The first hand-held touch technologies such as Pdas were resistive soft films that accepted both finger touch and stylus based interactions [1] . However, this multi-modal input technology must comply with contradictory design constraints requiring both sensitivity to low-pressure touch interactions associated with finger touch and high-pressure interactions coming from point-like forces imposed by passive stylus tips. Its resulting weaknesses are low immunity to scratches and a hardto-avoid force activation threshold that limits detection of light and swift movements. alternately, a method for capacitive sensing of a space-and time-variable physical value such as touch pressure with a network of capacitors was already available almost three decades ago but did not allow precise pen use [2] . More recently at apple, a surface capacitive network with a charge transfer measuring technique was proposed to develop multi-hand interactions [3] , and with the strong growth of projected capacitive technology, finger touch technologies produce 2-d multi-touch images, often with pre-touch detection [4] , [5] . This advantageous feature has already harmed the market share of touch resistive technology. However, multitouch capacitive technology is not the ultimate paradigm and there is still a need for a precise input stylus. In this regard, with its smart inductive stylus and near touch detection, the company Wacom has entered the smartphone market, turning pressure into an additional writing parameter used for example to obtain thicker drawing lines [6] . Multimodal stylus and finger touch detection is a step forward in the development of high-end HcI products. Finger pre-touch localization can be obtained with a projected capacitive technology working at an operating frequency of 250 kHz, whereas cordless stylus pre-touch localization is obtained with an electromagnetic inductive technology operating at a radiating frequency of 500 kHz [7] . Finger pressure measurement can be done with a pressure sensitive sensor such as resistive film, completing a pre-touch and touch capacitive network [8] . stylus pressure measurement can be implemented with a flexible variable capacitor C incorporated in the housing of an inductive LC resonant cordless stylus [9] .
consequently, other non-2-d distribution input devices being developed must exhibit key technical features to remain competitive alternative solutions or at least solutions that can be combined with successful ones. In the acoustic domain, we do not currently see many products that combine both stylus-and finger-based input solutions in a single HcI. In 2002, Ing et al. patented [10] an acoustic cross-correlation process for locating small finger impacts or scratches and producing sensitive objects or display products. Touchless detection and interpretation of proximity movements can also be done by ultrasonic means, as patented by dahl et al. [11] and Hotelling et al. [12] .
The oldest acoustic coordinate pen input technologies can be traced back to the 1960s. In 1964, at IbM, Woo [13] proposed a synchronous saW digitizing tablet with lucite wedges (duPont corp., Wilmington, dE) to convert longitudinal waves into saWs and a sharp pen tip in the form of a thumb tack. In 1969, Whetstone et al. [14] proposed a stylus with a shock wave that was generated by a capacitor discharge and that propagated in the air medium to two (2-d) or three (3-d) long capacitive microphones located along the edges of the working Manuscript received august 1, 2012; accepted october 28, 2012 . This work was supported by apple computer, Europe.
J.-P. nikolovski is with cEa, lIsT, sensory and ambient Interfaces laboratory, Fontenay-aux-roses, France (e-mail: jean-pierre.nikolovski@ cea.fr).
d. volume. He considered sonic solutions in solid propagative media as being functionally limited because of the required contact between the tip and the plate and the expensive tuned emitting and receiving crystals. In 1987, Mallicoat proposed a smart stylus graphic input system [15] for measuring the transit times of in-air ultrasonic signals and an electromagnetic signal used as a means of synchronization. He used only two alternating transmitting transducers at 23 kHz and a stylus incorporating a receiving microphone and an lEd transmitting element. The lEd was used both for time delay measurement and for coding color. The inclination of the stylus is a problem of this measuring principle using air as the propagative medium. It is also a concern for Wacom's inductive stylus.
For the air medium, in 1998, Ward et al. [16] proposed an ultrasonic stylus with double frequency sources at 40 and 60 kHz superposed in the stylus body to obtain two distance measurements and compensate for the inclination of the stylus. considering the tablet as the ultrasonic propagation medium, in 1987, adler and desmares improved the rayleigh wave approach [17] by limiting the number of transducers surrounding the panel and replacing them with weighted reflective array strips placed along the panel edges while still maintaining a good signal-to-noise ratio. In 1989, dieulesaint et al. [18] proposed a glass touch screen based on an oscillating bulk acoustic wave delay line grid. curiously enough, saW touch technology has been regularly improved over the years with regard to its ability to work with a limited number of transducers operating in some cases with non-orthogonal beams, as demonstrated by Kent [19] , but in the process has also lost the ability to work with a stylus. This probably results from the application for which saW is usually appropriate, namely point of sales, which does not require a stylus.
Using a tablet as the substrate propagating bulk acoustic waves (baW), on december 30, 1982, Glenn [20] filed a patent for a synchronous ultrasonic stylus with a horn tip and two receiver bars bonded to the side faces of a plate, and hence adapted to the detection of a 0 lamb modes. He proposed measuring the signal amplitude as a means of changing the line width of a drawing. on december 21, 1984, billmann et al. [21] filed a patent for a similar tablet which also had a synchronous stylus. In their document, they suggested covering the surface with a lubricating layer such as oil, and topping the stylus vertex with a soft material such as rubber to ease the sliding. both suggestions were also good for reducing some annoying phase inversion aspects related to the inclination of the stylus, although this was not mentioned in the patent. regarding this problem, a few months earlier, on July 25, 1984, sato et al. patented [22] an s 0 lamb wave writing tablet together with a solution to solve the problem of phase inversion at the leading edge of the s 0 lamb mode when an emitting stylus is inclined by adding two layers at the surface of the glass plate or a soft layer covering the tip of the stylus to filter out the mechanical component of vibration responsible for the phase inversion. This problem was also exposed by okada and Inose in a later paper [23] .
The company canon did also extensive research on a lamb wave writing tablet adapted to the dispersive a 0 lamb mode based on the detection and filtering of the envelope of a long wave packet created by resonance of a horn or conical tip, as presented, for example, in the patent of Kobayashi et al. [24] .
all the vibrating styli found in the literature feature an emitting stylus whose tip vibrates with a movement parallel to the axis of the stylus. With only one key patent on the subject, Hitachi gave up this field rather quickly. at canon, more than 30 Us patents were filed between 1988 and 2002, starting with suzuki et al. in 1988 [25] , who designed a writing tablet with three receivers and an axial vibrating tip and a method for detecting the envelope peak of a synchronous a 0 lamb wave packet.
as can be seen from this introduction, lamb wave input styli have been challenged for more than 30 years by strong technical difficulties that call into question the adequacy of the plate as an appropriate means of coordinate measurement. Ultimately, touchless two-handed visionbased input devices such as the one proposed by Malik and laszlo in 2004, which used a camera filming the hands of a user over a table, could be adopted as the cleanest working environment [26] .
In this context, this paper presents a work started in 1991 [27] on a thin s 0 lamb wave pen tablet that could be combined with recent work on acoustic touch technologies such as the amplitude disturbed diffraction method (addP) [28] , [29] , featuring distinct lower operating frequencies in the 10 to 100 kHz range and double-touch capability [30] . In this scenario, and by analogy with the Wacom approach, the 5-μa low-power pen presented in this paper could get its energy directly from the actively vibrating surface by the piezoelectric effect.
The next sections will present first the operating principle of the tablet and then broadband lamb wave generation and detection efficiency dependency according to the form of the tip and the handling of the stylus. diffraction limitations in burst conditions are investigated, taking into consideration reflection and shear horizontal (sH) conversion at the edges of the plate. The paper is completed with the modeling and experimental measurement of the time difference of arrival (Tdoa) diffraction limits with this type of ultrasonic pen.
II. operating Principle
The (x, y) coordinates are calculated by measuring the time difference of arrival of a wave packet propagating in a glass plate. The emitter is the stylus tip, which incorporates a small source of energy and a piezoelectric transducer that launches burst wave packets that propagate to its vertex at a rate of 1000 bursts per second. Four receiver bars are bonded to the four edges of the plate, as illustrated in Fig. 1(a) . The (x, y) coordinates of the stylus are derived from the formula
where Δt is the transit time between the stylus vertex and one of the four corresponding receivers, and v s is the lamb wave symmetric s 0 mode velocity. This mode is preferred to the first antisymmetric lamb mode a 0 because it is nondispersive, as can be seen in Fig. 1(b) . These two modes are the only ones that can propagate in an isotropic plate of thickness 2h at low frequencies. The important parameters are the transversal and longitudinal wave velocities VT and VL, respectively, Poisson's ratio σ, young's modulus E, and density ρ. one could argue that working with a 0 could be more interesting because of its lower propagation speed and, hence, higher potential resolution; however, as mentioned in the introduction, this path has been explored at canon for more than a decade. also, from (1), we can see that it takes only a 27-MHz clock frequency to reach a resolution of 0.1 mm if the s 0 mode velocity is 5.4 mm/μs, as is the case for a 1-mm-thick b270 glass plate. additionally, acquiring 1000 points/s makes it possible to average the random quantization error and increase the resolution by a factor of three while still operating at 100 points/s. another approach could be to lower the clock frequency to 9 MHz while maintaining the 250 dpi target resolution. Moreover, the low speed of a 0 is not the only important parameter because inaccurate measurements may appear when one writes with swift movements or during inclination or rotation of the stylus about its axis. These errors depend greatly on the vibration properties of the tip, as will be presented in the next section. also, the path chosen by Hitachi or canon with an axial vibration of the tip may not be the best method for efficiently transmitting a broadband mechanical pulse through a point-like touch into the tablet substrate.
III. Vibration Properties of the Tip
To optimize power consumption, the stylus tip must efficiently transfer its vibrating energy to its vertex and from its vertex into a selective lamb mode. In this regard, the profile of the cone plays a key role, as illustrated in Figs. 2 and 3 . First, if we consider a plane longitudinal wave propagating inside the tip, there are reasons why 1) snell's law of refraction implies mode conversion from longitudinal to transversal waves. 2) For transversal waves, the angle of incidence onto the generatrix of a horn or a cone increases as the number of internal reflections increases [31] . Theoretically off-axis rays launched from a plane base in a direction parallel to the axis never reach the apex and bounce back after several reflections that depend on the aperture of the tip. This is clearly visible on the first echo in tips of various apertures, as illustrated in Fig. 2 (a), when a 100-V pulse of width 0.2 μs is applied to a V154-type 2.25-MHz shear wave transducer (Panametrics ndE, Waltham, Ma).
consequently, if most of the energy bounces back before reaching the apex, then lamb wave generation is poor and most of the electrical energy is wasted. Moreover electromechanical impulse response within the tip turns into a long trace, as can be seen with the exponential horn. on the contrary, if the cone aperture is narrow, then most of a shear wave propagating inside the tip reaches the apex and s 0 lamb wave generation efficiency increases. Figs. 2(c) and 3 present one of the best results obtained for s 0 lamb wave generation. Fig. 3 illustrates the fact that the best profile for focusing a plane shear wave so that its focal point is as close as possible to the apex is a long parabolic tip. Fig. 2 (c) shows how well the first echo within the tip is attenuated when the apex is in contact with the plate, which indicates good focusing efficiency. The 800-kHz central frequency of the first echo indicates sufficient broadband capability. s 0 lamb wave generation with a parabolic tip reaches 17 Vpp, compared with 1.5 Vpp with a conical tip of half aperture θ = 70°. This result is all the more interesting because the base surface of the cone is about four times larger than that of the parabolic tip. In this setup, the plate is a 71 × 71 × 1 mm b270-type glass with flat polished edges, onto which 70 × 1 × 1.05 mm lead zirconate titanate (PZT) P160 bars from quartz et silice s.a. (courbevoie, France) are bonded with cyanoacrylate glue. The bars are bonded with the poling direction perpendicular to the edge. The parallel central resonance frequency measured in a high-impedance load condition is 1.32 MHz. The series resonance frequency measured in low-impedance conditions is 1.19 MHz. The receiver bar with its transimpedance amplifier is thus optimized for detecting s 0 lamb waves at a central operating frequency of 1.19 MHz. In this regard, the cutoff frequency of the parabolic tip could be increased slightly to optimize emitter-receiver matching. Fig. 3(b) is a picture of a duralumin parabolic tip incorporating a four-PZT piezo-element and a 5-μa solar pulse generator working at a pulse frequency of 1000 Hz.
IV. Inclination/rotation/sliding of the Tip once the tip profile is optimized for efficiently focusing the shear wave at the vertex, the next step is to design a low-cost piezo-element that generates s 0 lamb waves efficiently. This is obtained with a PZT disc comprising two opposite poling areas, as illustrated in Fig. 4 . This piezoelement is driven at its radial resonance frequency. This design creates bending waves of the same kind as those obtained with the shear wave V154 type, but at a central frequency of 700 kHz, which is much closer to the receiver bar maximum sensitivity of 1.2 MHz. The next step is to investigate a 0 and s 0 lamb wave properties according to the basic handling operations of the stylus, namely inclination, rotation, and sliding of the tip above the surface.
A. Inclination
In these experiments, the profile of the tip is conical with half aperture θ = 11°. Fig. 4 presents the global behavior with respect to the inclination of a shear wave stylus when the receiver PZT bar is bonded at the surface of the plate and is mainly sensitive to the normal component of displacement. obviously, s 0 lamb mode generation exhibits little dependency on inclination, whereas phase inversion occurs with a 0 and signal amplitude clearly increases. Fig. 5(a) shows the sensitivity to inclination when the receiver bar is bonded to the edge of the plate and is mostly sensitive to the longitudinal component of vibration. Here again, s 0 is only slightly dependent on the inclination of the stylus. The lamb mode a 0 is not detected, as can be expected; it is known that its longitudinal component changes sign between the upper and the lower mid-thickness of the plate. Fig. 5(b) shows the sensitivity to inclination when the stylus tip is vibrating axially. This scenario illustrates the well-known problem presented in the introduction of s 0 phase inversion already observed at Hitachi. In this configuration, it can be noticed that a 0 is not dependent on inclination. This is, however, not very relevant because a 0 is very dispersive.
B. Rotation
The next handling operation is the rotation of the stylus about its axis. Fig. 6 presents the results for a shear vibrating tip. The receiver bar is bonded to the edge of the plate and is mostly sensitive to the longitudinal s 0 component. as can be seen, the tip behaves as a dipolar source exhibiting a first axis of maximum emission which is perpendicular to the line of separation of half-discs and another axis of zero emission parallel to the same line. This result is obtained with both the Panametric shear 2.25-MHz V154-type transducer and the bipolar PZT disc.
C. Sliding
The last handling operation is the sliding of the duralumin tip over the glass surface toward the receiver bar or away from it. Fig. 7 shows the results for a shear stylus tip. as can be seen, sliding the tip over the dry surface reduces the signal transmission: the top and middle curves correspond to a moving stylus and have slower amplitudes than the bottom curve corresponding to a vertical still stylus. during sliding, friction forces act as a mechanical bias. In this setup, the displacement of the stylus at a speed of a few centimeters per second is comparable to the ultrasonic velocity. Indeed, for a tip vibrating at 1 MHz and a tangential amplitude of 100 Å, the peak vibrating velocity reaches 6 cm/s. Therefore, shear mechanical coupling in sliding conditions, that is, above the friction limit, is dependent on the direction of the ultrasonic vibration of the tip, which produces or alleviates friction forces.
by comparison, let us look now at an axially vibrating tip. The vibration is imposed by a Panametrics V106-type 2.25-MHz longitudinal transducer. The tip is a duralumin cone with half-aperture angle θ = 11°. The 70 × 1 × 1.05 mm receiver PZT bar (P160 quartz et silice) is bonded to the flat polished edge of a 1-mm-thick b270 . signal amplitude increases with inclination angle. 3) There is little dependency on the sliding of the stylus. slight attenuation is noticeable, but the signal waveform is better preserved than the one with a shear wave tip when the stylus is vertical. This result suggests that the coupling stability of the shear wave stylus sliding over the surface should be much better with increased inclination of the stylus, because its vibration ceases to be strictly parallel to the plate.
D. Precessing Tip
considering the results obtained for both types of vibrating tips and axial and bending modes, a stylus tip with a precessing mode of vibration could solve the handling problems. Fig. 9 presents a basic design requiring a unique voltage spike to produce a burst precession. The tip uses a low aperture cone or parabolic profile together with two superposed dipolar PZT discs of diameter 7 mm and thickness 0.2 mm oriented at 90° from each other. on top of the PZT discs is a 1-mm-thick brass disc whose impedance is close to that of the PZT discs. Its purpose is to constitute a resonator for adjusting the spatial phase delay between the discs and to ensure precession. Fig. 9(a) shows the experimental result of a left-precessing tip for the generation of s 0 lamb mode obtained with a negative voltage spike of 20 V and with a duration of 0.5 μs. The precessing mode radiates ultrasonic energy 360° around. The precessing mode is compatible with the Tdoa operating principle if one receiver is associated with a zero-crossing detection triggered on a positive edge and the opposite one is negative-edge triggered.
E. Pulse Generator
The stylus gets its energy from a small source such as a rechargeable battery placed in its housing. Fig. 10 shows the operating principle of a first-generation 1-ma pulse generator. This small generator is capable of producing 90 V bursts at a central frequency of 1 MHz and a pace of 1 kHz. a second pulse generator is capable of producing double-output 6 V pulses operating in quadrature with only 5 μa of current. This result makes it possible to draw the energy directly from a solar cell.
V. limitations Imposed by diffraction
The operating principle of Fig. 1 is very simple. Piezoceramic bars are bonded to the four edges of the plate, which ensures a flat design, but precision is limited by the diffraction phenomenon in near-field conditions, as illustrated in Fig. 11 . This phenomenon results from the spatial extent of the receiver bar, which is several wavelengths long. actually, at 1 MHz, the wavelength of s 0 lamb waves in b270-type glass is 5.4 mm and the receiver bar is 70 mm long. When we move the stylus along a line parallel to the bar, we would like the transit time delay of the wave packet to be constant. In fact this is not true. If the time of arrival of the wave packet is measured at a particular zero crossing of the wave packet, then the higher the order of the zero crossing is, the wider is the cone of integration over the length of the bar. around the plate borders, side reflections on free edges or on PZT-loaded edges also contribute to the building of the received signal. Fig. 11 shows three diffraction diagrams based on the third zero-crossing detection at x = 20, 45, and 80 mm from the receiver bar. one electrode of the PZT bar is bonded to the edge. access to this electrode is ensured by wrapping around the electrode at the extremity of one bar as shown in the picture. This wrapping creates a 6-mmlong non-piezoelectric section of the bar.
In this experiment, the tip of the stylus is sensitive to axial vibrations and is used as a receiver, whereas the bar is the emitter. However, the same diffraction diagram is observed (as long as the elastic wave propagation remains linear) when the stylus is the emitter. The bar is a little thicker than the previous one. It has the dimensions 70 × 1.3 × 1.4 mm. Its series central frequency is around 900 kHz (and 1 MHz for its parallel resonance visible at high load impedance). The plate dimensions are 200 × 120 × 1 mm. 
A. Modeling of the Diffraction Phenomenon in Semi-Infinite Space
let us recall here a few steps leading to the Kirchhoffsommerfeld formulation of the Huygens-Fresnel principle, stipulating that the diffracted field at r 0 = (x 0 , y 0 ) is obtained by summing circular source waves G(r 0 − r′) centered at r′ = (0, y′) with their amplitude proportional to the field s(r′) in r′.
let us denote by s a solution to the propagation equation in free space for a sinusoidal wave:
where k is fixed and designates the wave number. let us denote by G the Green's function, the solution of the wave equation in free space in the case of a point source placed in r′:
where δ(r 0 − r′) is a dirac distribution defining a point source. The form of G depends on the geometry of the propagating medium. In this study, the s 0 lamb mode features low dispersion and, at 1 MHz, the longitudinal component of displacement is about 5 times larger than the transversal component [32] . This ratio is assumed to be constant over the plate for a given operating frequency and plate thickness. Therefore, beyond the diffuse field, where the s 0 mode is established, the diffraction phenomenon is mostly a two-dimensional problem even though the diffraction diagram may change by a constant value according to the examined plane within the thickness of the plate.
If we look at a problem of cylindrical symmetry, a solution to (2) and (3) The constant A is calculated using (3) applied to a horizontal disc centered in r′ and of radius a that tends toward zero. In such a case, (3) becomes
solving (5) Knowing the value of the mechanical displacement s along the source segment (oy′), the Kirchhoff-sommerfeld formulation can be used to determine s(r 0 ) at any observation point of the plate. combining (2), (3), and (5) we get [35] 
where L is the length of the bar and the y-axis origin is the middle of the bar. The plane source wave s(x, y) = e ikx has a value of unity at the origin x = 0, and ∂G/∂R = −( ) ( ), k i H kR /4 1 1 where H 1 1 designates the Hankel function of the first kind and order one. We have 
If kR ≫ 1 (kR = 6.5 at 1 MHz and for R = 5.5 mm), the Hankel function can be approximated by [36] H kR i e e kR 
In a sine wave regime, the diffracted wave at point (x 0 , y 0 ) is then expressed as follows: If we now consider diffraction in burst conditions, we must take into account the transfer function H of the emitter, G of the receiver, and the spectral content E of the drive signal. These functions express the following facts: If we apply a drive signal e(t) to a piezoelectric transducer having an impulse response h(t), we get a mechanical force f(t) described by f(t) = (e * h)(t), where * denotes the convolution product. If this mechanical force is now used as an input to a receiver having an impulse response g(t), we get an output voltage v(t) that can be expressed as v(t) = ((e * h) * g)(t) = (e * h * g)(t).
The spectral content V(ω) of the drive signal v(t) is given by its Fourier transform (FT):
(ω)H(ω)G(ω). In burst conditions, v(t)
can be expressed in the frequency domain by the general
Taking into account the diffraction effect, we derive the spatio-temporal estimation of the output signal: v(x 0 , y 0 , t) To optimize computing times, the following assumptions are made: The PZT bar is vibrating in its thickness mode at its central resonance pulsation ω = ω h and the stylus is operating at the radial resonance pulsation of the discs ω = ω g . The output signal v(t) central frequency depends on the ratio
. If this ratio is much larger than unity, then the pseudo-period of the output signal is imposed by the emitter bar, and hence is close to ω h . Inversely, if q ≪ 1, then the pseudo-period of the output signal is imposed by the stylus and is close to ω g . actually, the PZT bar exhibits a strong selectivity because of its free back face and possibly a thickness larger than the plate thickness. Its spectrum H(ω) is consequently approximated by a dirac distribution centered in ω h : H(ω) = h 0 δω h , where h 0 is a constant.
The resonance of the stylus discs is associated with a smaller selectivity (or quality factor) because of the stacking of the three discs and the tip, which requires many epoxy bonding layers, and the mechanical integration of the precessing tip in a housing that will also absorb part of the resonance. because of these conditions, the stylus is assumed to have a broader frequency response than the receiver bar. consequently, the stylus transfer function G(ω) is approximated by a constant G(ω) = g 0 .
as a conclusion, we are naturally placed in conditions where q ≫ 1, that is, where the stylus restores the vibration imposed by the ceramic bar.
now if the drive signal is a voltage spike whose duration is half the pseudo-period of the ceramic bar, we can approximate the spectral content of the drive signal by another constant: E(ω) = e pulse , where e pulse is a constant proportional to the drive amplitude. The impulse response of the output signal then becomes 
In the case of a voltage drive step, the tempered distribution associated to the drive signal is E(ω) = −(e d /i) p.v.(1/ω) + (e d /2)δ , where e d is the amplitude of the step, δ is the dirac distribution, and p.v. is the cauchy principal value. If we look at the frequencies around the thickness resonance of the PZT bar, the frequency content of the drive step function is approximated by E(ω) = −(e d /(iω)). Then, the output signal v(t) becomes 
It can be observed that (14) and (15) yield the same phase variations. To simplify the expression, the modulus and phase of the diffracted wave are normalized by the modulus and phase of a plane wave which corresponds to the head of the wave packet that is not affected by diffraction. Eqs. (14) and (15) .
Eventually, we keep the complex form of the diffracted signal to evaluate the signal peak amplitude. The complex normalized output signal becomes v r (x 0 , y 0 , t): Phase[ ] arctan
The phase of (17) is equal to the phase distortion of an s 0 plane wave, whereas the modulus of (17) is proportional to the peak amplitude of the diffracted wave.
now, let us define the integration cone that takes into account the causality principle which stipulates that the output signal must be zero as long as the wave source r′ considered in the integrand of (17) has not reached the receiver:
We can now simulate various situations corresponding to a finite-length bar excited in burst conditions and radiating in a semi-infinite space. With regard to phase distortion, the measurements are made with reference to a particular zero crossing, which means transit time distortion at constant phase. The modeling is slightly different because we look at phase distortions at constant time delay. This difference is not relevant if we consider that a phase distortion can be linked to the wavefront (i.e., constant phase) by adding an extra time delay Δt to reach a constant phase or an extra spatial shift Δx to also reach a constant phase. The time delay and spatial shift to reach constant phase (zero crossing) are expressed by 
We can now simulate the experiment of Fig. 11 . The observation time is 1.5 μs after the arrival time of the head of the wave packet. This is very close to the third zero crossing of the experimental conditions. The simulation is displayed in Fig. 12(a) . Experimental measurements are superposed for comparison. as we can see, experimental distortions are a little smoother than the modeling results. This may be explained by the single-frequency approximation. Fig. 12(b) presents the simulation results for two different frequencies at 0.8 MHz and 1.2 MHz. summing the effects, we can imagine that in real conditions, diffraction is smoothed by the bandwidth of the transducers.
now, if we consider higher order zero crossing detection and reproduce the same experiment at a distance of 96.5 mm from the PZT bar with zero crossing orders ranging from 1 to 6, we get the graphs shown in Fig. 13 . For greater visibility, a constant delay is added to each diffraction diagram so that they can be superposed. as can be seen, by increasing the zero-crossing number, the distortion of the plane wave due to diffraction is also increased. The side effect of the 6-mm non-active PZT extremity resulting from the wrapped electrode is also visible. The symmetrical curves correspond to modeling, whereas uneven ones are experimental measurements. 
B. S 0 Side Reflections and SH Conversions
We now take into account in the building of the output signal the possible side reflections of s 0 occurring at the edges of the plate. We have three possible scenarios:
• reflections at the glass-PZT bar interface, • Transmission and back reflections at the PZT bar-air interface, • Possible reflections at free edges of the plate when bars do not cover the entire side length.
We assume here that the frequency·thickness product of the plate is below 1.7 MHz·mm so that high-order symmetric lamb waves are not generated. also taking into consideration the condition of continuity of displacement at the interfaces, we assume that an incident s 0 lamb wave can only be reflected, transmitted, or converted into a shear horizontal (sH) wave. Finally, we assume an incident wave s 0 to be a plane longitudinal wave propagating according to the wave polarization defined in Fig. 14, if A rl < 0, there is no phase inversion at the wave reflection.
The method for calculating the reflection and conversion coefficients at free edges consists of writing the continuity of the mechanical displacements s x , s y , and s z and the stresses T x , T y , and T z at the interface. snell's law also applies for incident and reflected waves. at the glass-air interface, the reflection and conversion coefficients are [32] : Fig. 14(a) illustrates the reflection A rl and conversion coefficients A rt according to the incident angle θ i at a free edge of the plate. sH conversion reaches its maximum at around 40°.
The same formalism is carried out to obtain the coefficients A rl , A rt , A tl , and A tt . These coefficients are the solutions of the following system of four equations with four variables: 
based on the solutions of (21) and (22), we can calculate the reflection coefficient A RL2 corresponding to the steps of a first transmission at the glass-PZT interface described by A tl , then a back-reflection at the PZT-air interface with a coefficient A rtl , and then transmission at the PZT-glass interface with a coefficient A trtl . both A RL1 and A RL2 are displayed in Fig. 14 
as can be observed in Fig. 14 (b) , a fair amount of s 0 mode is transmitted in the PZT bar at normal incidence and is then reflected back, whereas for a tangential incidence, most of the s 0 mode is reflected at the glass-bar interface. considering that s 0 lamb wave diffraction near the plate borders involves mainly tangential side reflections, we can conclude that rl2 will contribute little to the diffraction. Incorporating the reflected wave of amplitude rl1, the diffraction integral becomes: 
where D is the distance between the glass plate corner and the PZT bar limit. Fig. 15 shows the contribution, with D = 0, of the reflected wave of amplitude rl1 to the diffraction pattern at x 0 = 10 mm and second zero-crossing detection. Early detection, within 1.9 μs following arrival time of the head of wave packet, is ensured experimentally by a processing stage that consists of getting the square value of the received signal followed by a double active integration stage [see Fig. 15(a) ]. side reflection effects are strong near the edge, where reflections at the glass/PZT bar involve phase inversion of the incident wave.
C. Contribution of the Precessing Tip to the Diffraction Phenomenon
The precession of the tip also brings some distortion to the diffraction effect. actually, if we take a point source at position r′ of the PZT bar, this source undergoes a vectorial projection over the main axes of the stylus discs. consequently, the normalized expression of the Kirchhoffsommerfeld integral taking into account the left-precession of the tip is as follows:
where θ c is the angle between the y-axis and main axis of the lower stylus disk. Fig. 16(a) illustrates the cones of integration in a case of differential detection. a diffraction effect involving side reflections and the precessing stylus angular sensitivity bring more distortion. For simplicity, Fig. 16(b) shows the vectorial projection of the s 0 longitudinal component of displacement over the stylus's main axes when θ c = 0. Fig. 16(c) is a simulation of the differential diffraction effect with a left-or right-precessing stylus in the setup of Fig. 17 and for the case where x = −30 mm. Fig. 17 is an experimental verification of the effect of a left-precessing tip on the precision of the s 0 lamb wave tablet. The dis-tortion brought by the precession is clearly visible and in accordance with the simulation. The horizontal scale is set at 7.2 mm per square. For the vertical scale, a linear offset corresponding to a non-diffracted plane wave is subtracted from the measured value to emphasize the error. The vertical scale is then set at 0.3 mm per square. If we use a single coefficient of linearity, the precision remains within ±0.3 mm, keeping 7 mm margins on all sides, giving an active surface of 57 × 57 mm. additionally, a correction term can be applied to measurements done in the 7 mm margins, based upon the fact that, first, the position error made on the measured value is lower than 1.5 mm, second, the correction term calculated with the diffraction integral using the approximate position is comparable to the one that would be obtained with the real position. Precision can thus be improved or extended to a larger active area. Fig. 18(a) shows a sample of handwriting captured with the left-precessing stylus of this study over a b270 glass plate of dimensions 71 × 71 × 1 mm incorporating four PZT bars of dimensions 70 × 1 × 1.05 mm operating at 940 kHz and at an acquisition rate of 1040 points/s. The drawing lines have changes in the gray level every time a stylus lift-off is detected. Fig. 18(b) is a picture of another prototype consisting of a 1.6-mm-thick plate incorporating on each side two bars of dimensions 70 × 1.7 × 1.8 mm and exhibiting an operating frequency of 700 kHz. The stylus incorporates the parabolic tip of Fig. 3 . VI. conclusion an s 0 lamb wave digitizing tablet based on deterministic Tdoa localization of a cordless ultrasonic stylus has been presented. The stylus tip is vibrating at 1 MHz in a burst precession mode. This offers a solution to various technical problems associated with the handling of a stylus, namely inclination, rotation, and sliding of the stylus without processing the glass surface. Particular attention has been paid to efficiently focusing ultrasonic energy at the vertex of the tip in the appropriate bending mode to generate nondispersive s 0 lamb waves. This has been obtained with narrow conical tips or thin long parabolic ones. The tips are metallic, but the precession also works with polycarbonate. The power consumption of the stylus is 1 ma at 90 V or 5 μa at 6 V and 1000 pulses/s. The pen can thus be powered by solar cells. The diffraction phenomenon limits the precision of localization to about ±0.3 mm on a 57 × 57 mm region of a 71 × 71 × 1 mm glass plate. The resolution is 0.1 mm at 1000 points/s. This digitizing pen can be merged with a complementary finger touch technology, such as the addP technology, operating in a separate (10 to 100 kHz) frequency range.
appendix
The following parameters have been used in the simulations of side reflection coefficients rl1 and rl2:
For the PZT P160 bar:
• v l = 2900 m/s, (twice the measured frequency constant), 
